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This paper analyzed the effect of different ﬁbres on the residual compressive strength, the ultimate load
and ﬂexural toughness, the failure pattern and the fracture energy of self compacting high performance
concrete (SCHPC) after exposure to various high temperature. The micro polypropylene ﬁbre (PP ﬁbre)
could mitigate the spalling of SCHPC member signiﬁcantly, but did not show clear effect on the mechanic
properties of concrete. The macro steel ﬁbre (SF) reinforced SCHPC showed higher ﬂexural toughness and
ultimate load before and after high temperatures. The mechanical properties of hybrid ﬁbre reinforced
SCHPC (HFSCHPC) after heating were better than that of mono ﬁbre reinforced SCHPC. The failure mode
changed from pull-out of steel ﬁbres at lower temperature to broken down of steel ﬁbres at higher tem-
perature. The use of hybrid ﬁbre can be effective in providing the residual strength and failure pattern
and in improving the toughness and fracture energy of SCHPC after high temperature.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
In order to achieve high ﬂowable and self-compactable concrete,
self-compacting concrete (SCC) was ﬁrst developed in 1988, and
SCC can be also classiﬁed into high performance concrete (HPC)
due to the high workability and durability. The Increasing of the
concrete strength is often one of the main desires of concrete tech-
nology and SCC with compressive strength more than 60 N/mm2
has beenwidely used. The new term of self compacting high perfor-
mance concrete (SCHPC) was introduced by Okamura et al. [1].
However, with the increasing of the compressive strength, the brit-
tleness of concrete can be also increased. The ﬁbres could improve
the toughness and stress distribution of concrete, replace the steel
reinforcement partly, reduce the crackwidth, enhance the bar spac-
ing and decrease the labour costs. Therefore, a new type of SCHPC,
ﬁbre reinforced SCHPC (FRSCHPC) has been proposed by Ding et al.
[2,3]. FRSCHPC has great potential signiﬁcance for construction
(e.g., for smart structures, concrete repair, bridge construction, etc.).
The workability, the strength and the toughness are the impor-
tant parameters for SCHPC. The workability is a signiﬁcant precon-
dition for application of the ﬁbre reinforced SCHPC. FRSCHPC is a
special SCC and remarkably sensitive not only to the w/b value
and SP, but also to ﬁbre type, ﬁbre contents, aggregate property,ll rights reserved.
tory of Coastal and Offshore
Dalian, China.etc. For the workability of SCHPC, there are some essential factors
of great importance: ﬂowability, segregation resistance, passing
ability through the steel bars, levelling ability and the time-depen-
dent behaviour [3–6].
In this work the residual behaviour means mainly the residual
mechanic behaviours like the development of compressive strength,
the ﬂexural strength and the ultimate load as well as the failure pat-
tern of SCHPC after exposure to different high temperatures. The
ﬂexural toughness and the fracture energy are discussed here spe-
cially. The addition of steel ﬁbres may compensate the brittle prop-
erty and bestow the high strength concrete with better properties
including the good toughness before, during and after high exposure
temperatures. The dense microstructure of HSC is also a reason of
concrete degradation exposed to ﬁre, such as spalling, which has
been suggested to bedue to thebuildupof high internal vapourpres-
sure in the matrix [1]. The workability and the strength, the tough-
ness and the failure pattern, the serviceability and the durability
are the signiﬁcant factors for self compactinghigh performance con-
crete (SCHPC) [2].
The study of ﬁre resistant ﬁbre reinforced concrete (FRC) mem-
ber, for instance in tunnelling under ﬁre, include diverse issues such
as the heat-transfer mechanisms and thermal properties as well as
temperature ﬁeld, micro structure and cracking, mechanic behav-
iour and theoretical models, spalling or residual strength as well
as material properties at elevated temperatures. Steel ﬁbre (SF)
can be used to improve the toughness of concrete obviously and
polypropylene (PP) ﬁbre can reduce the spalling [9,10,16–22]. The
Nomenclature
HPC high performance concrete
HSC high strength concrete
SCHPC self compacting high performance concrete
FRC ﬁbre reinforced concrete
SCC self-compacting concrete
FRSCC ﬁbre reinforced self-compacting concrete
FRSCHPC ﬁbre reinforced self compacting high performance con-
crete
HFSCHPC hybrid ﬁbre reinforced SCHPC
SF steel ﬁbre
PP ﬁbre polypropylene ﬁbre
PP2 mixture of micro PP ﬁbre reinforced SCHPC with ﬁbre
dosage of 2 kg/m3
SF40 mixture of steel ﬁbre reinforced SCHPC with ﬁbre dos-
age of 40 kg/m3
SF55 mixture of steel ﬁbre reinforced SCHPC with ﬁbre dos-
age of 55 kg/m3
HF403 ﬁbre cocktail reinforced SCHPC with 40 kg/m3 macro
steel ﬁbre and 3 kg/m3 micro PP ﬁbre
HF552 ﬁbre cocktail reinforced SCHPC with 55 kg/m3 macro
steel ﬁbre and 2 kg/m3 micro PP ﬁbre
FL maximum value of the load in the interval of 0.1 mm
(kN)
dL deﬂection corresponds to the FL (mm)
Fu the ultimate load
ffct,L ﬂexural strength corresponding to FL
DbBZ energy absorption of the unbroken concrete without ﬁ-
bre addition (kN mm)
DfBZ;2 energy absorption capacity (kN mm) of ﬁbre reinforced
concrete at the deﬂections of dL + 0.65 mm
DfBZ;3 energy absorption capacity (kN mm) of ﬁbre reinforced
concrete at the deﬂections of dL + 2.65 mm
feq,2 equivalent ﬂexural tensile strength (MPa) by
dL + 0.65 mm
feq,3 equivalent ﬂexural tensile strength (MPa) by
dL + 2.65 mm
GF fracture energy (N/m)
lf ﬁbre length
df the diameter of ﬁbre
Table 2
Chemical composition of ﬂy ash.
Composition SiO2 Al2O3 CaO Fe2O3 K2O MgO IL
Fly ash 49.1 34.78 5.39 5.05 0.89 0.94 3.83
Table 3
Fibre content, air content and compressive strength.
Mixtures SCHPC PP2 SF40 SF55 HF403 HF552
22 Y. Ding et al. / Construction and Building Materials 26 (2012) 21–31combination of PP ﬁbre and SF can be used to reduce spalling and to
enhance the residual compressive strengths [3,6,15–16,19].
Numerous studies were conducted on the physical, mechanical
behaviour and ﬁre properties of concrete or FRC, and they are
mainly concentrated on the compressive strength loss, spalling
behaviour and the microstructure after high temperature [8–16].
However, the investigations on the ultimate load and ﬂexural
toughness, failure pattern as well as the fracture toughness of
SCHPC reinforced with hybrid ﬁbres (steel ﬁbre + PP ﬁbre) after
the high-temperature exposures are rare, and the study on the con-
nection among the microstructure, spalling and the ﬂexural tough-
ness are also restricted.
It is not intended in this study to present a complete survey of
every aspect of the FRC elements. Indeed, the focus is given to
study the effects of ﬁbres on the mechanic behaviour like residual
strength and ultimate load, ﬂexural toughness and the fracture en-
ergy of SCHPC before and after the burning process, to compare the
inﬂuence of different thermal properties of steel ﬁbre and PP ﬁbre
on the SCHPC matrix and to discuss the possible connection among
the microstructure, spalling and post-peak behaviour as well as the
failure mode. In particular, the effects of high temperatures on the
failure patterns of FRSCHPC beams in bending have been analyzed.
2. Experiment
2.1. Materials
In this program, the mix design of FRSCHPC was as follows: cement CEM I 42.5
500 kg/m3, ﬂy ash 100 kg/m3; ﬁne aggregate 1–4 mm, aggregate crushed limestone
with particle size between 5 and 12 mm, water/binder ratio 0.37. The base mix de-
sign of SCHPC without ﬁbre reinforcement is illustrated in Table 1. The speciﬁc sur-
face area of ﬂy ash was 497 m2/kg, and the chemical composition of ﬂy ash is listed
in Table 2. It can be seen that the main chemical components of ﬂy ash are silicon
dioxide (SiO2) and aluminium oxide (Al2O3), and they may contribute to the pozzo-
lanic reactivity. The speciﬁc surface area of the ﬂy ash was 475 m2/kg.Table 1
Base mixture design of SCHPC.
Materials Cem I
42.5
(kg/m3)
Fly ash
(kg/m3)
Aggregate
(kg/m3)
SP
(kg/m3)
W/B
ratio
Content 500 100 0–4 mm: 764 7.2 (1.2% of binder) 0.37
5–12 mm: 764Generally, the investigated ﬁbres can be divided into micro ﬁbres (l 3 cm) and
macro ﬁbres (lP 3 cm). The micro PP ﬁbres are mainly used to decrease the shrink-
age cracks or to restrict the initiation of the micro cracks before heating and to re-
duce or to prevent the spalling [2,3,8–10] at the high temperature. The macro steel
ﬁbres are used for increasing the ﬂexural toughness and for restricting and bridging
the macro cracks before heating and to enhance the residual behaviour during and
after the high temperature. Different ﬁbre types and ﬁbre contents have been added
into the mixture as follows:
 PP ﬁbre (ﬁbre length lf = 15 mm, diameter/df = 0.03 mm), density = 0.91 g/cm3;
tensile strength 450 N/mm2; ﬁbre content 2 and 3 kg/m3, 15 millions pieces/kg.
 Steel ﬁbre (ﬁbre length lf = 35 mm, diameter/df = 0.55 mm), density = 7.8 g/cm3;
tensile strength 1200 N/mm2; steel ﬁbre content 40 kg/m3 and 55 kg/m3,15,000
pieces/kg.
The various ﬁbre contents (kg/m3), the air content and the compressive
strengths of different mixtures before heating are summarized in Table 3. It can
be seen that the air content of the fresh concrete increases with the increasing of
ﬁbre dosage.
The heat properties of PP ﬁbre and steel ﬁbre related to this article are listed in
Table 4.
2.2. Requirement and test method of the workability of fresh ﬁbre reinforced SCHPC
A concrete mix can only be classiﬁed as SCC if the requirements for ﬂowability,
segregation resistance, passing ability, ﬁlling ability and levelling ability are fulﬁled.
Based on EFNARC and other guidelines as well as the previous experimental studiesPP ﬁbre content (kg/m3) – 2 – – 3 2
Volume content of PP
ﬁbres (%)
0.22 0.33 0.22
Steel ﬁbre content (kg/m3) – – 40 55 40 55
Volume content of steel
ﬁbres (%)
0.51 0.71 0.51 0.71
Air content (%) 2% 2.8% 2.6% 2.7% 3.5% 3.3%
Compressive strength
(28 days) (MPa)
64 60 64 65 63 65
Table 4
Thermal properties of steel and PP ﬁbres.
Thermal properties PP ﬁbre Steel ﬁbre
Melting point (C) 160–180 1410–1540
Heat transfer coefﬁcient 0.1–0.22 W/(m C)
(kPP)
43 W/m C (kSF)
Thermal expansion
coefﬁcient
13  106 m/m C
(aPP)
1  104–7  103 m/m C
(aSF)
Table 5
Test results of workability.
Mixtures SCHPC PP2 SF40 SF55 HF403 HF552
PP ﬁbre content (kg/m3) – 2 – – 3 2
Steel ﬁbre content (kg/m3) – – 40 55 40 55
Slump ﬂow (mm) 678 632 662 646 604 608
J-Ring, Jsf (mm) 650 585 610 590 545 540
J-Ring, LJ (mm) 5 20 10 15 35 30
U-box (h1–h2, mm) 5 25 23 27 32 30
Y. Ding et al. / Construction and Building Materials 26 (2012) 21–31 23[2–8,16], the test methods used in this research work were a slump ﬂow test (for
assessing the ﬂowability), J-Ring test (for assessing the passing ability and ﬂowabil-
ity as well segregation resistance) and a U-tube test (for assessing passing ability,
ﬂowability and levelling ability). For the slump ﬂow test, the requirements are
somewhat different [2–8], generally the acceptance criteria of slump ﬂow spread
regarding the workability is from the minimum value of 55 cm up to a maximum
value of 85 cm. From experiences, it is known that the slump ﬂow spread of SCHPC
should be not less than (P) 60 cm [4]. The difference of the mixtures inside and
outside the J-Ring (LJ) and the slump ﬂow spread of J-Ring (Jsf) have to be measured.
The conditions for a successful FRSCHPC are as follows: JsfP 55 cm and LJ 6 2 cm.
The workability criteria for the fresh SCC using U-tube is to measure the height
of the concrete in the compartment that has been ﬁlled, in two places and calculate
the mean (h1). Measure also the height in the other compartment (h2). Calculate the
ﬁlling height h1–h2. The near the ﬁlling height h1–h2 is to zero, the better the ﬂow
and passing ability of the fresh concrete. The maximum allowable value of ﬁlling
height is that h1–h2 6 3 cm [4–8].
Fig. 1 shows details of these tests on SCHPC with 40 kg/m3 SF. It can be seen that
the workability of the FRSCHPC used fulﬁls the requirements of SCC. The average
results of mixtures for different ﬁbre types and ﬁbre contents are shown in Table 5.
2.3. Hardened specimens and experiment
The specimens were cast without vibration. Twenty-four specimens for each
mixture, including 12 cubes (100  100  100 mm) and 12 beams (100 
100  400 mm), were cast in steel moulds. After casting, all the moulded specimens
were covered with plastic sheets and water saturated burlap, and left in the casting
room. The specimens were than demoulded 24 h after casting of the concrete. After-
wards they were transferred to the moist curing room and stored at 20 C ± 2 C and
relative humidity (RH) P95% until preparation for testing.
The mix design shall satisfy all performance for the concrete both in fresh and
hardened states. In order to investigate the compressive strength of FRC, uniaxial
compression test was carried out on cubic specimens, measuring 150 
150  150 mm, with a constant loading rate of 0.6 Mpa/s, after the curing phase
according to Chinese guidelines [11,12].
At the unheated temperature of 20 C, SCHPC without ﬁbre and with mono ﬁbre
reinforcement were adopted as the reference samples. Three of the cubes and three
of the beams of each mixture were tested at the room temperature. The remaining
nine cubes and nine beams were subjected to three different temperatures in an
electrical furnace: three cubes and three beams subjected at 300 C, three cubes
and three beams subjected at 600 C and three cubes and three beams subjected
at 900 C for 3 h (see Fig. 2).
Although the inﬂuence factors on ﬁre or high temperature condition have been
debated for long time, they can generally be considered to include the effect of tem-
perature–time process or temperature difference. The temperature–time relation-
ship is the precondition for analyzing the heating effect and can signiﬁcantly
inﬂuence the deformation of concrete constituents or members under high temper-
ature [19,30–32]. In the furnace, all the specimens are heated at an increasing rate
of 6 C/min and the peak temperatures are maintained for 3 h (Fig. 2). After heating,
the specimens are cooled down to the room temperature, the tests of the residual
compressive strength, the ﬂexural toughness and the fracture energy as well as
the failure pattern are carried out.
The SCHPC beams reinforced with different ﬁbres have been tested to investi-
gate the ﬂexural behaviour [10,16,19,27,31,33], including the load–deﬂection
behaviours and load–crack mouth opening displacement (CMOD) relations. The
tests regarding the ﬁbre inﬂuence on the post-crack behaviour before and afterFig. 1. Tests of workability of SCburning process have been carried out. The beam size is B (width)  H (depth)  L
(length) = 100 mm  100 mm  400 mm, tested on a span of 300 mm (Fig. 3). All
the beams are notched at midspan. The width and depth of the notch are 3 mm
and 15 mm, respectively. The ﬂexural test is determined by the deformation-con-
trolled experiment. A close loop test machine is used and the deﬂection is measured
using two LVDTs, the deformation rate of the midspan is 0.2 mm/min. The load–
deﬂection curves are used to evaluate the ﬂexural strength and ﬂexural toughness
of FRSCHPC.
After burning, some PP ﬁbre reinforced SCHPC specimens have been selected
and divided into two parts for SEM analyzing as illustrated in Fig. 4. The cross sec-
tion of specimen is about 4 cm  4 cm, and the thickness of specimen was about
2 cm, the two sides of the surface or the two parts of all specimens have been inves-
tigated carefully, no PP ﬁbres exist in the concrete matrix because they melt already
after high temperature. The type of the microscope used was JSM-5310 LV, Scan-
ning Microscope.3. Results and analysis
3.1. Workability
Fibre reinforced SCHPC (FRSCHPC) is a special SCC and remark-
ably sensitive to the ﬁbre type and ﬁbre contents. Developing
FRSCHPC requires careful control of factors to ensure the high per-
formance of concrete such as high ﬂowability and high strength,
high toughness and improved failure patterns. For conventional
ﬁbre reinforced concrete (FRC), the maximum ﬁbre contents and
ﬁbre types are usually determined by the toughness or mechanic
property required. However, the ﬁbre contents and ﬁbre types of
FRSCHPC are mainly determined by the high ﬂowability and segre-
gation resistance of fresh mixtures [3,7,8,16].
The experimental results of FRSCHPC workability (the slump
ﬂow test, the J-Ring test and the U-tube test) are summarized in
Table 5. It can be seen that:
j All values of the slump ﬂow spread are larger than 60 cm.
j Most values regarding J-Ring test meet the requirements of SCC,
except for the values of Jsf for HF552 and HF40, which are lightly
lower than 55 cm.
j Most values regarding J-Ring test meet the requirements of SCC,
except for the values of LJ for HF552 and HF403, which are
lightly higher than 2 cm.
j Most values regarding U-tube test meet the workability
requirement, except for the values of h1–h2 for HF552 and
HF403, which are close to 3 cm or lightly higher than 3 cm.
The mixtures of SCHPC, PP2, SF40 and SF55 indicate well ﬂow-
ability and no segregation and fulﬁl the requirement for SCHPCC with 40 kg/m3 steel ﬁbre.
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55 kg/m3 steel ﬁbres and 2 kg/m3 PP ﬁbres (HF552) as well as
40 kg/m3 steel ﬁbres and 3 kg/m3 PP ﬁbres (HF403) could be the
upper boundary of the ﬁbre content regarding the workability re-
quired by SCHPC.Table 6
Relative loss in compressive strength of SCHPC and FRSCHPC (%).
(fcufcu,T)/fcu (%) 20 C (%) 300 C (%) 600 C (%) 900 C (%)
SCHPC 1 17 67 94
PP2 1 14 60 89
SF40 1 16 63 91
SF55 1 8 59 91
HF403 1 13 57 89
HF552 1 11 57 883.2. Residual compressive strength of hardened concrete samples
The mean values of compressive strength of all samples after
28 days are illustrated in Table 3. It can be seen that the addition
of ﬁbres has no signiﬁcant inﬂuence on the compressive strength.
The compressive strength of all the samples exceeded 60 N/mm2
after 28 days. Therefore, the proposed mix design has produced
the concrete that meets satisfactorily the strength requirement of
ﬁbre reinforced HPC [3,16]. It can be seen that the PP ﬁbres show
lightly negative inﬂuence on the compressive strength for SCHPC
before heating. The addition of steel ﬁbres aids in converting thebrittle properties of concrete into a ductile material, but no signif-
icant trend of improving compressive strength was observed.
In order to analyze the loss of compressive strength after
heating, two concepts of ‘‘relative residual compressive strength
fcu,T/fcu’’ [2,10,16–19] and ‘‘relative loss in compressive strength
[(fcufcu,T)/fcu]’’ were introduced, where fcu,T is the compressive
strength measured after different high temperatures, and fcu is
the compressive strength measured before heating. Fig. 5 shows
the comparison of compression tests of all mixtures with different
ﬁbres before and after exposure to various high temperatures. Ta-
ble 6 illustrates the relative loss in compressive strength of SCHPC
and FRSCHPC with different ﬁbre types and ﬁbre contents. The var-
ious high temperatures induce the loss of compressive strength as
expected.
For SCHPC without ﬁbre, it showed the greatest loss in strength.
For the exposure temperatures of 300 C, 600 C and 900 C, the
relative loss in compressive strengths were 17%, 67% and 94%
compared to the original strength before heating, respectively. In
Y. Ding et al. / Construction and Building Materials 26 (2012) 21–31 25connection with Fig. 5, it can be seen that relative to the strength
prior to the exposure to the high temperature, there is a continu-
ously strength loss of all mixtures with an increase in temperature.
The investigation of Neville with different heating rate and mix de-
sign showed that the relative residual strength of concrete was
about 40% at 600 C [15]. The high loss in compressive strength
and explosive spalling for normal SCHPC without ﬁbres can be
partly due to the low permeability and densemicrostructure, which
restricts the releasing of vapour pressure from the pore and leads to
buildup of high internal pressure during heating.
For FRSCHPC with PP ﬁbre, the relative loss in strength (14%)
was lower than that of SCHPC without ﬁbres (17%) after exposure
to high temperature of 300 C. As shown in Fig. 5, when the max-
imum exposure temperature achieved 900 C, the relative residual
compressive strength was 11% of the original strength for PP2 and
the relative loss in strength was 89%. In some studies [9,10,19–
21,30], PP ﬁbre shows beneﬁcial effect on the residual strength of
concrete after the high-temperature exposures. On of the impor-
tant reasons is that PP ﬁbres melt and vapourize due to the lower
melting point (160–180 C) during the rapid temperature increas-
ing process, which makes free space in the micro-channels in the
concrete matrix (see Fig. 6), decreasing tension stress in the capil-
lary that reduces the compression stress in the concrete matrix.
At the high temperature, SF can mitigate expansion of concrete
due to the rapid temperature change and reduce the large temper-
ature gradient due to the higher heat transfer coefﬁcient of SF, and
restrict the development of crack in SCHPC [10,17–19,31]. When
the temperature reached to 300 C, 600 C and 900 C, the relative
loss on compressive strength of SF 40 were about 16%, 63% and
91%, and the relative residual compressive strengths of SF40 were
84%, 37% and 9% of the original value before heating. The relative
loss on compressive strength of SF55 were about 8%, 59% and
91%, and the relative residual compressive strengths of SF55 were
92%, 41% and 9% [10,19]. It means that the FRSCHPC with higher
steel ﬁbre content has smaller loss in compressive strength and
higher residual compressive strength than that with lower one.
Under the heating process of this work, for maximum exposure
temperature below 300 C, the loss in compressive strength was
relatively small, more than 83% of the original compressive strength
of all the mixtures can be maintained after heating. If maximum
exposure temperature increases to 600 C, SCHPCwithout ﬁbre suf-
fer a greater compressive strength loss than ﬁbre reinforced SCHPC
(FRSCHPC), the residual compressive strengths of all hybrid ﬁbre
reinforced SCHPC samples (HF403 and HF552) and SF55 were still
over 27 N/mm2, it is about 43% of the original strength of unheated
samples. At maximum exposure temperatures of 900 C, the
strengths of all mixtures reached the minimum values; the SCHPC
samples without ﬁbres kept only 6% of the original unheated com-
pressive strength; however, the relative residual compressiveFig. 6. Micro channels due to melting of PP ﬁbres.strengths of all hybrid ﬁbre reinforced SCHPC samples (HF403
and HF552) retained more than 11% of the original strength of
unheated samples due to the positive composite effect of steel
ﬁbres and PP ﬁbres. The ﬁbre cocktail reinforced samples of
HF552 show the smallest compressive strength loss after 3 h
heating at 900 C.
3.3. Flexural behaviour and fracture energy
The ﬂexural strength and ultimate load after cracking, ﬂexural
toughness and fracture energy of SCHPC and FRSCHPC with various
ﬁbres before and after exposure to different temperatures are ana-
lyzed. The factors of ﬂexural behaviour ffct,L, D
f
BZ;2, feq,2, D
f
BZ;3 and
feq,3 are calculated based on RILEM TC 162-TDF [27]. The fracture
energy Gf is evaluated on the basis of RILEM Recommendation
TC50-FCM [33]. Where: FL(kN) is the maximum load in the interval
of 0.1 mm; Fu is the ultimate load; ffct,L is the ﬂexural strength cor-
responding to FL; dL is the deﬂection corresponds to the FL (mm);
DbBZ is the energy absorption of the unbroken concrete without
ﬁbre (kNmm); DfBZ;2 and D
f
BZ;3 are the energy absorption of ﬁbre
reinforced concrete at the deﬂections of (dL + 0.65 mm) and (dL +
2.65 mm), respectively; feq,2 and feq,3 are the equivalent ﬂexural
strengths by the deﬂections of (dL + 0.65 mm) and (dL + 2.65 mm),
respectively.
Figs. 7–9 show the load–deﬂection curves of different mixtures
with or without ﬁbre reinforcement in three-point bending test at
room temperature of 20 C and after exposure to high tempera-
tures of 300 C, 600 C and 900 C. The calculated results of the
ﬂexural strength (ffct,l) and ultimate load (Fu), the energy absorp-
tion (DfBZ;2 and D
f
BZ;3) and equivalent ﬂexural strength (feq,2 and
feq,3) as well as fracture energy (Gf) are summarized in Table 7,
where the values are averages of three specimens. It can be seen
that the ultimate load (Fu) after cracking of SCHPC without ﬁbres
drops faster than that of FRSCHPC. The FRSCHPC can absorb much
more energy over the entire deﬂection zone than that of SCHPC
without ﬁbres. For steel ﬁbre reinforced SCHPC, both the ductility
and the fracture energy of beams become stronger with the
increasing of steel ﬁbre content. FRSCHPC with hybrid ﬁbres exhib-
its superior ﬂexural toughness and fracture energy compared to
the mono ﬁbre reinforced SCHPC beams.
For the ﬂexural behaviour at the room temperature before heat-
ing in Fig. 7, SCHPCwith 2 kg/m3 PP ﬁbres indicates the similar ﬂex-
ural behaviour as SCHPC (see Fig. 7) without ﬁbres, but great
improvement of Gf is noticed, for normal SCHPC without ﬁbres
Gf = 236 N/m and for PP2 Gf = 1222, an increment of about 418%.
For SCHPC and PP2, the cracking load FL was equal to the ultimate
load FU. After cracking, the load bearing capacities of SCHPC and
PP2 drop abruptly. However, this brittle property is changed by add-
ing 40 kg/m3 steel ﬁbres (SF40). For SF40, the cracking load FL was0
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Fig. 7. Comparison of load–deﬂection curves of FRHPC with different ﬁbres before
heating.
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crack, and the ultimate load FU = 11.3 kN at the deﬂection of
0.3 mm, indicating an increment of 11%. Theﬁbre cocktail reinforcedTable 7
Flexural strength, ultimate load, parameters of ﬂexural toughness and fracture energy of d
Specimens FL (kN) ffct,L (MPa) Fu (kN) DbBZ (N mm)
20 C SCHPC 10.2 2.53 10.2 1680
PP2 10.2 2.44 10.6 1685
SF40 10.15 2.51 11.3 1781
SF55 11.9 2.93 20.6 2077
HF403 9.50 2.35 14.1 1663
HF552 11.79 2.91 22.2 2063
300 C SCHPC 8.50 2.1 8.5 1368
PP2 9.82 2.42 9.82 1811
SF40 8.75 2.16 9.51 1531
SF55 6.13 1.51 16.5 1072
HF403 6.0 1.48 11.8 1050
HF552 6.18 1.52 18.1 1081
600 C SCHPC 2.20 0.54 3.14 385
PP2 2.61 0.64 3.9 451
SF40 2.73 0.67 5.5 477
SF55 2.67 0.66 8.4 467
HF403 2.9 0.72 7.5 508
HF552 2.73 0.67 9.8 478
900 C SCHPC 0.16 0.04 0.38 28
PP2 0.23 0.05 0.48 35
SF40 0.30 0.07 1.66 53
SF55 0.40 0.1 3.20 70
HF403 0.50 0.12 2.60 88
HF552 0.50 0.12 3.50 88beams (HF403) showed much higher values of ﬂexural toughness,
fracture energy and ultimate load after cracking. Compared to the
FL at the deﬂection of 0.05 mm, the ultimate load FU (=14.1 kN) at
the deﬂection of 0.35 mm of HF403 increased about 48%. HF552
showed the highest ultimate load bearing capacity after cracking
of all sechs different SCHPC mixtures.
After heating at different high temperatures, the ﬂexural
strength and the ultimate load, ﬂexural toughness and fracture
energy of all mixes drop clearly with the increasing of the tem-
peratures, and the load bearing capacity decreases monotonic
with the increasing of the deﬂection. From Table 7, it can be seen
that ffct,L, FU, (D
f
BZ;2, feq,2, (D
f
BZ;3 and feq,3 as well as Gf decrease with
the increasing of temperature. Compared to Gf of SCHPC without
ﬁbres, the increment for Gf of PP2 achieved about 380% after 3 h
heating at 300 C, and achieved about 460% after 600 C. All the
mechanic values including Gf decreased clearly with the increas-
ing of temperature and were very low due mainly to serious
damage on the concrete matrix after heating at 900 C. However,
the values of toughness parameters and fracture energy with hy-
brid ﬁbres are higher than that with mono ﬁbre reinforced
SCHPC. For instance, after the maximum exposure temperature
at 900 C, the values of HF403 (feq,3 = 1.26 N/mm2, Gf = 1029
N/m) are close to the values of SF55 (feq,3 = 1.36 N/mm2,
Gf = 1139 N/m) and much higher that those of SF40 (feq,3 = 0.8
N/mm2, Gf = 682 N/m). Compared to SF40, the equivalent ﬂexural
strength feq,3 and the fracture energy Gf of HF403 increased by
57.5% and 50.9%, although the total ﬁbre dosage gained only
7.5%. This indicates that the addition of 3 kg/m3 PP ﬁbre had an
approximately equivalent effect to that of increasing SF dosage
from 40 to 55 kg/m3, and a clear composite effect of two different
ﬁbre types can be achieved.
3.4. Failure pattern of FRSCHPC
It is interesting to note that PP ﬁbres can mitigate the spalling of
SCHPC beams and steel ﬁbre can enhance the residual load bearing
capacity and the toughness as well as fracture energy of concrete at
high temperatures, and that can be the precondition for using ﬁbre
cocktail in SCHPC as ﬁre resistant materials.ifferent mixes subjected to various burning temperatures.
DfBZ;2 (N mm) feq,2 (MPa) D
f
BZ;3 (N mm) feq,3 (MPa) Gf (N/m)
– – – – 236
1832 0.09 2462 0.08 1222
7166 6.7 19,402 4.39 3874
12,566 13.1 40,723 9.63 12,704
8657 8.71 26,577 6.21 6072
13,616 14.39 46,359 11.04 17,461
1368 – 1368 – 180
2390 0.29 2585 0.08 866
5997 5.56 16,692 3.78 3001
9796 10.87 35,275 8.52 9478
7040 7.46 21,035 4.98 4147
10,784 12.09 37,544 9.08 10,497
385 – 385 – 89
1652 0.59 2591 0.21 504
3223 3.42 9418 2.23 1518
4676 5.24 16,866 4.09 3624
4310 4.74 14,615 3.51 2482
5434 6.17 19,124 4.65 4676
28 – 28 – 39
284 0.12 575 0.05 35
867 1.01 3251 0.80 682
1456 1.73 5521 1.36 1134
1211 1.4 5146 1.26 1029
1643 1.94 6088 1.49 1420
Fig. 13a. Failure pattern of SF55 after 600 C.
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Fig. 10 illustrates the strong spalling of SCHPC beam without ﬁ-
bres. It can be seen that the spalling of high performance concrete
beamwithout ﬁbres is very strong after 600 C. Fig. 11 demonstrates
the spalling of FRSCHPC beam with 40 kg/m3 steel ﬁbres after the
maximum exposure temperature at 600 C. In comparison with
Fig. 10, it can be seen that the damage and spalling of SCHPC beam
can be declined by using of steel ﬁbres. At the high temperature,
SF can mitigate expansion of concrete due to the rapid temperature
change and reduce the large temperature gradient due to the higher
heat transfer coefﬁcient, and restrict the development of crack in
SCHPC and bridging the thermal cracks [10,17–19,31]. Fig. 12 shows
the scanning electronmicroscope (SEM) analysis of fracture surface
of matrix with steel ﬁbre of the same FRSCHPC beam after 3 h heat-
ing at 600 C. The image of SEM picture (see Fig. 12) indicates that
some micro cracks have been formed. Lightly spalling can be one
of the reasons, and non-uniform deformation among the paste,
aggregate and steel ﬁbres [15,30,34–37] during heating process
and the reversal process of cooling down can be another reason.
Figs. 13a and b illustrate the failure patterns of beam sections of
steel ﬁbre reinforced SCHPC with ﬁbre content of 55 kg/m3 (SF55).
If the maximum exposure temperature does not exceed 600 C, the
steel ﬁbres are mainly pulled out from the matrix [10,19,31], and
the failure mode of FRSCHPC beams was somehow ductile. After
maximum exposure temperature of 900 C, the steel ﬁbres becomeFig. 10. Spalling of SCHPC beams without ﬁbres after 600 C.
Fig. 11. Spalling of SF40 after 600 C.
Micro cracks
Fig. 12. Steel ﬁbre in the matrix after 600 C.
Fig. 13b. Failure pattern of SF55 after 900 C.fragile and mechanic behaviour of SF is strongly damaged, both ﬁ-
bres and bending beams are broken down abruptly and indicate
strong brittle failure.
Based on the results in Table 7 and in combination with Figs.
10–13, it can be seen that with the increasing of heating tempera-
ture, the mechanical property and toughness of SCHPC beam with
the same ﬁbre type and ﬁbre content are degraded and declined
clearly (Figs. 13a and b). Both the concrete matrix and the steel ﬁ-
bres are damaged strongly after 900 C. After 600 C the well dis-
tributed steel ﬁbres in the matrix acting as a three dimensional
net [2,3,10,13–19,31,36] can still transfer the tensile force in some
extent. Therefore, the ﬂexural toughness factors or post-crack
behaviour (calculated by factors like (DfBZ;2, feq,2, (D
f
BZ;3 and feq,3) of
steel ﬁbre reinforced SCHPC beams show a great improvement
compared to those of SCHPC without ﬁbres or only with PP ﬁbres
(see Table 7).3.4.2. PP ﬁbre reinforced matrix
Fig. 14 demonstrates the SCHPC beam with 2 kg/m3 PP ﬁbre
(PP2) after the maximum exposure temperature at 600 C. Fig. 6
shows the SEM analysis of PP2 matrix after 3 h heating at 600 C
and reveals why the spalling is mitigated during and after high
temperature. The traces caused by melted PP ﬁbres in the SCHPC
matrix can be observed clearly, which can provide the micro-chan-
nels to release the water vapour pressure in the matrix pores for
mitigating the explosive spalling (Fig. 6). Therefore, there is no
visible spalling on the surface of PP2 beam (Fig. 14); even so, the
post-crack behaviour of mono PP ﬁbre reinforced beam after high
temperatures are much lower than that of SF40.3.4.3. Fibre cocktail reinforced matrix
Fig. 15 demonstrates SEM analysis of fracture surface for the
distribution of macro steel ﬁbre and micro PP ﬁbres in the HF552
matrix after the bending test at room temperature. The failure pat-
tern of steel ﬁbre is mainly pulled out from the matrix (Fig. 16b), PP
Fig. 14. No spalling of beam PP2 after 600 C.
Pulling out of 
steel fibers 
Fig. 16b. Pulling out of steel ﬁbres.
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Fig. 17 shows the ﬁbre cocktail reinforced SCHPC beam (HF552)
after 3 h heating at the maximum exposure temperature of
900 C. Similar to Fig. 14, there is no visible spalling on SCHPC
beam with 55 kg/m3 steel ﬁbres and 2 kg/m3 PP ﬁbres. In addition,
HF552 and HF443 show excellent ﬂexural behaviour and fracture
energy before and after the heating treatment at various high tem-
peratures (see Table 7).
3.5. Discussion
Depending on the different high temperatures, the heat transfer
coefﬁcient of steel ﬁbre kSF varies between 28 and 50 W/m C, and
the heat transfer coefﬁcient of concrete kC varies between 1.1 andFig. 15. Different ﬁbres in the matrix of HF552 before heating.
Fig. 16a. Pulling out and breaking down of PP ﬁbres before heating.
Fig. 17. No spalling of beam HF552 after 900 C.1.3 W/m C, kSF is almost 20 to 50 times higher than kC; the thermal
expansion properties (a) between concrete and steel ﬁbre are also
different, the thermal expansion coefﬁcient of SF aSF varies be-
tween 1  104 and 7  103 1/C, and the thermal expansion coef-
ﬁcient of concrete aC varies between 6  106 and 1  102 1/C
[31,34]. The different thermal expansion coefﬁcient of steel ﬁbre
and concrete can induce the different thermal strains between
steel ﬁbre and concrete during and after the heating process. It
can be assumed that the thermal expansion of steel ﬁbre is mainly
along the ﬁbre length [31,34,35]. But, the thermal expansion of
concrete matrix should be considered in a three dimensional ther-
mal ﬁeld. For ﬁbre reinforced concrete under heating, the thermal
strains may occur transverse or parallel to the ﬁbre axis (Fig. 18):
1) The strains transverse to the ﬁbre are one of the concerns
which may inﬂuence the bond behaviour negatively
between ﬁbre and concrete matrix.
2) The another concern is the thermal expansion parallel to the
ﬁbre axis. For the thermal expansion component of concrete
parallel to the ﬁbre axis, there are also two major effect
parameters:
a) different thermal expansion coefﬁcients may cause vari-
ous thermal strains between steel ﬁbre and concrete
during and after the heating process;
b) the steel ﬁbre is oxidized and the mechanic property is
damaged. For the ﬁbre-concrete interface, the bond
effect between ﬁbre and concrete matrix is therefore
declined strongly.These two effect parameters may affect the bond behaviour be-
tween ﬁbre and concrete matrix very negatively.
Parallel 
cracks 
Transverse
cracks 
Fig. 18. Thermal cracks between matrix and steel ﬁbre after exposure to 900 C.
Friction
Pressure
Transverse cracks due to 
thermal expansion
Slipped crackSteel fiber
Concrete matrix
Fig. 19. Thermal cracks between matrix and steel ﬁbre during heating process.
Annular tensile stress 
due to thermal 
expansion
Radial component 
due to thermal 
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due to thermal 
expansion
Steel fiber
Concrete matrix
Fig. 20. Thermal stress around steel ﬁbre and matrix during heating process.
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between steel ﬁbre and matrix can be inﬂuenced negatively by
both the different thermal expansion coefﬁcient of steel ﬁbre and
concrete as well as the oxidized steel ﬁbres during and after the
heating process [10,28–30,34–37]. The high heat transfer coefﬁ-
cient kSF of steel ﬁbre can positive affect the temperature ﬁeld
and reduce the thermal stress of the FRSCHPC. That positive effect
will increase with the increasing of steel ﬁbre content.
During the heating process, initial cracks form when the maxi-
mum tensile strain of concrete is exceeded at the weak points,
which are distributed randomly. The micro cracks among paste,
aggregate and steel ﬁbres can be induced both by the high temper-
ature and by non-uniform deformation during heating process and
the reversal process of cooling down. Similar to steel rebar in the
concrete, concrete and ﬁbre have the same deformation and thus
the same strain e before cracking: eSF = eC = e. Due to the formation
of cracks, the compatibility of deformations between ﬁbre and con-
crete can be damaged by the different thermal expansion during
the burning and cooling down process and this compatibility is
not maintained. The thermal crack may form transverse or parallel
to the ﬁbre axis [34–37] (see Fig. 18). Thermal cracks parallel to the
axis of ﬁbre can be called as splitting or slipped cracks caused by
the radial component of the bond stresses leading to splitting or
spalling of the concrete (see Figs. 18–20).
Based on the experimental results in Table 7, the load–deﬂec-
tion curves from Figs. 7–9 and the pictures of Figs. 10–17 as well
as Refs. [7–10,14–30], some preliminary assumptions can be
veriﬁed:
1) There are clear composite effects of steel ﬁbre and PP ﬁbre
on SCHPC. In this work, the composite effect has two differ-
ent functions:
 The ﬁrst function relates to the composite effect of hybrid
ﬁbres (SF + PP) on SCHPC member at the room tempera-
ture before heating. In this stage, the micro PP ﬁbres
are used to reduce the plastic cracks as well as the micro
cracks, and the macro structure steel ﬁbres are used to
enhance the ductility and to reduce the structure cracks.
The combination of using micro PP ﬁbre and macro steel
ﬁbre in the concrete matrix increases the post-peak
behaviour and provides an uniformly stress redistribu-
tion, decrease both the micro cracks and the structure
macro cracks which can improve the serviceability and
durability of the concrete member.
 The second function relates to the composite effect of
hybrid ﬁbres on SCHPC member at high temperature.
During the heating process, PP ﬁbres can mitigate thevapour pressure and prevent the explosive spalling,
enhance the residual compressive strength and the frac-
ture energy after high temperature. The thermal behav-
iour of steel ﬁbres can affect the temperature ﬁeld and
reduce the thermal stress of matrix. Steel ﬁbres enhance
the ultimate load bearing capacity after cracking,
increase the ﬂexural toughness and the fracture energy
during and after heating, but cannot reduce the spalling.
The composite effect of ﬁbre cocktail demonstrates excel-
lent residual mechanic behaviour and spalling resistance,
improving failure pattern and retaining member integrity
after exposure to high temperature.2) The heat transfer coefﬁcient of steel ﬁbre is much larger than
that of concrete over the entire heating process. The three
dimensional distributed steel ﬁbres in the concrete matrix
may provide a more evenly distributed temperature ﬁeld,
decrease the temperature gradient and therefore mitigate
the thermal stress as well as the damage on the micro struc-
ture. This is one of the reasons that steel ﬁbres can increase
the residual strength, the ultimate load and the toughness as
well as the fracture energy after heating.
Since the micro PP ﬁbre contribution is mainly activated at high
temperatures, and the macro steel ﬁbre contribution is mainly acti-
vated for large beam deﬂection and wide crack before, during and
after various high temperatures [7–10,16–20,28–31], the signiﬁ-
cant improvement of the residual mechanic properties as well as
the spalling resistant of ﬁbre cocktail reinforced SCHPC over a large
deﬂection zone can be achieved.
3.6. Economic evaluation
The above mentioned investigations showed the good techno-
logical properties of ﬁbre reinforced SCHPC. However, for a possible
Table 8
Cost comparison of SCC with and without ﬁbres.
Materials Cost (Euro/m3)
SCHPC without ﬁbres 80
SCHPC with steel mesh 190
PP2 86.67
SF40 150
SF55 176.67
HF403 162.2
HF552 184.4
30 Y. Ding et al. / Construction and Building Materials 26 (2012) 21–31practical using of various ﬁbres, the cost beneﬁt is an important
precondition. Table 8 illustrates the cost comparison of SCCwithout
ﬁbres, with steel mesh and with different ﬁbres.
From Table 8, it can be seen that: compared with the plain con-
crete of SCHPC, the material cost increases with the ﬁbre dosage.
But, our major purposes and industrial background are using hy-
brid ﬁbres to enhance the residual mechanical behaviour and to re-
place the conventional steel mesh of RC member in underground
construction after exposure to ﬁre accident. The often-used rein-
forcement ratio of tunnel element is between 1% and 1.4%, and
the cost is also listed in Table 8. Because the conventional RC mem-
ber is not capable to show any load bearing ability during and after
the ﬁre if the spalling of concrete cover occurs and then the steel
rebar deforms strongly and the bond between concrete matrix
and rebar is destroyed. Therefore, we focus on the toughness of ﬁ-
bre cocktail reinforced SCHPC under high temperature. Considering
the load bearing capacity of SCHPC with steel mesh at room tem-
perature of 20 C [14,34–37], the steel reinforcement can be re-
placed by the combination of 55 kg/m3 SF and 2 kg/m3 PP ﬁbre,
and the material cost is similar.
For RC member without steel mesh or only with very low steel
ratio, however, besides the material cost, we should consider other
factors as follows:
 There is a valuable foreground for structural using of ﬁbre cock-
tail due to the good toughness before heating, and the strong
improved residual mechanical behaviour and spalling resis-
tance as well as the ductility after heating.
 We also should consider the cost beneﬁt of the short construc-
tion period by replacing conventional steel mesh, because
macro ﬁbres can be advantageous for the partial or total
replacement of stirrups [7,8,10,14,19,31]. Using FRSCHPC can
signiﬁcantly reduce the construction period and costs, the bind-
ing of reinforcement, and it can be easily placed in thin or irreg-
ularly shaped sections where the arrangement of stirrups may
be difﬁcult.
 The steel ﬁbres can improve the concrete quality and the post-
crack performance and reduce the brittle behaviour of normal
concrete and high strength concrete. The ﬁbres into the con-
crete enhance the mechanical behaviour of RC members and
it leads to a change in failure mode from a brittle failure into
a ductile failure, the ﬁbres also tend to reduce crack width
and spacing, which can improve the serviceability and the dura-
bility of concrete structure.
FRSCHPC combines the advantages of both SCC and FRC. How-
ever, research work on the study of FRSCC beams, especially deal-
ing with the residual mechanical behaviour of SFSCC after high
temperature, is still very limited.4. Conclusions
The inﬂuences of various ﬁbres on the residual compressive
strength and ﬂexural strength, ultimate load and ﬂexural toughness,fracture energy and failure pattern of FRSCHPC before and after the
high-temperature exposures have been investigated. The investiga-
tions show that the ﬁbre cocktail reinforced SCHPC exhibit strong
toughness, a clear enhancedmechanical property compared to other
HPC materials, in addition to a much improved member integrity
after high temperature. The following conclusions can be drawn
from the results:
 The combination of steel ﬁbres and PP ﬁbres shows positive
composite effect on the post-peak behaviour of SCHPCmaterials
before and after exposure to high temperature.
 During the high temperature, PP ﬁbre can mitigate or prevent
the explosive spalling, enhance the residual strength and frac-
ture energy, but does not increase the toughness of SCHPC.
 Steel ﬁbre can improve the residual compressive strength,
enhance the ductility of SCHPC subjected to different high tem-
peratures, but it is not able to mitigate the spalling of concrete
at high temperature. This observation supports the use of ﬁbre
cocktail in SCHPC as ﬁre resistant materials.
 After exposure to high temperature, the ﬂexural behaviour and
the fracture energy of all samples decrease, and the higher the
maximum exposure temperature, the lower the toughness
parameters and fracture energy like DfBZ;2, D
f
BZ;3, feq,2 and feq,3
and Gf of FRSCHPC, they are very sensitive to the ﬁbre content
and ﬁbre types.
 For maximum exposure temperature of 900 C, the failure
model of steel ﬁbre changes from pull-out at lower temperature
to tensile failure (broken down). The failure pattern of FRSCHPC
beam changes from ductile pattern into brittle one.
 In addition to a much improved failure pattern and member
integrity after high temperature, the ﬁbre cocktail reinforced
SCHPC exhibit superior ﬂexural toughness, higher ultimate load
and fracture energy compared to the mono ﬁbre reinforced
SCHPC after high temperature.
This conclusion suggests that the use of ﬁbre cocktail reinforced
SCHPC material can be very effective in reducing thermal stress
and in improving composite effect of hybrid ﬁbres on the post-
crack behaviours during heating process at high temperature.Acknowledgements
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